Many insects use soft adhesive footpads for climbing. The surface contact of these organs is mediated by small volumes of a liquid secretion, which forms thin films in the contact zone. Here, we investigate the role of viscous dissipation by this secretion and the 'bulk' pad cuticle by quantifying the rate-dependence of the adhesive force of individual pads. Adhesion increased with retraction speed, but this effect was independent of the amount of pad secretion present in the contact zone, suggesting that the secretion's viscosity did not play a significant role. Instead, the rate-dependence can be explained by relating the strain energy release rate to the speed of crack propagation, using an established empirical power law. The 'wet' pads' behaviour was akin to that of 'dry' elastomers, with an equilibrium energy release rate close to that of dry van-der-Waals contacts. We suggest that the secretion mainly serves as a 'release layer', minimising viscous dissipation and thereby reducing the time-and 'loading-history'-dependence of the adhesive pads. In contrast to many commercial adhesives which derive much of their strength from viscous dissipation, we show that the major modulator of adhesive strength in 'wet' biological adhesive pads is friction, exhibiting a much larger effect than retraction speed. A comparison between 'wet' and 'dry' biological adhesives, using both results from this study and the literature, revealed a striking lack of differences in attachment performance under varying experimental conditions. Together, these results suggest that 'wet' and 'dry' biological adhesives may be more similar than previously thought.
Introduction
Many arthropods and small vertebrates possess the ability to 1 climb on smooth inverted substrates using adhesive pads lo-ment in the presence of a liquid requires considerable work, in 23 contrast to 'dry' contacts where this work can be close to the 24 thermodynamic work of adhesion. Viscous forces introduce 25 a time-and load-history dependence of adhesive strength and 26 toughness, which may limit locomotion speed, and can also 27 compromise the structural integrity and thus re-usability of the 28 pads. From this perspective, it may be advantageous to limit 29 viscous energy dissipation, and instead use different mecha-30 nisms to modulate adhesive strength during locomotion.
31
Here, we address the role of viscous dissipation in the 'wet' 32 adhesive pads of Indian stick insects (Carausius morosus), and 33 focus on the following questions ii. How does the amount of fluid present in the contact zone 36 influence the relationship between retraction speed and 37 adhesive force?
38
iii. Does the viscoelastic pad material itself contribute to 39 the relationship between retraction speed and adhesive 40 force?
41
In order to account for viscous dissipation in the deformable 42 pad itself, we model the detachment using fracture mechanics, 43 which we briefly outline in the following section. 
Soft Matter Accepted Manuscript
A fracture mechanics approach to insect adhe-45 sion 46 In fracture mechanics, the perimeter of an adhesive contact 47 can be treated as a crack. During detachment, this crack ad- energy with A is called strain energy release rate G:
where U E is the elastic energy of the system, U MP is the 48, 49 Here, P(v c ) is the peak adhesive force mea-96 sured at a finite crack speed v c , and P 0 is the peak adhesive 97 force required to detach the pad under true equilibrium condi-98 tions (i. e. v c = 0). Thus, if P, v c , and P 0 are known, the scal-99 ing of the relative energy dissipation with crack speed can be 100 assessed without any specific assumptions regarding the stiff-101 ness or size of the pads.
102

Materials and Methods
103
Study animals and set-up.
104
Adult Indian stick insects (Carausius morosus, Phasmatidae, 105 Sinéty 1901, body mass: 0.80 ± 0.1 g, mean ± standard de-106 viation, n=21) were taken from laboratory colonies fed with 107 bramble, ivy and water ad libitum. Prior to force measure-108 ments, stick insects were slid into glass tubes, and one of the 109 two protruding front legs was attached to a supporting metal 110 wire, so that the ventral side of the arolium was the highest 111 point. 50 
112
Peak adhesion of individual arolia of live insects was mea-113 sured using a custom-built fibre-optic 1D-force transducer. A 114 small piece of reflective foil was glued onto one end of a 115 brass plate cut to 100 × 10 × 0.2 mm (length × width × 116 thickness), and the opposite end of the plate was clamped 117 onto a metal support with a free-standing length of 30 mm 118 (see figure 1A) . The metal support was fixed to a 3D motor 119 positioning stage (M-126PD, Physik Instrumente, Karlsruhe, 120 Germany, resolution 0.25 µm, maximum velocity 15 mm s −1 ), 121 controlled by a custom-made Labview programme (National 122 Instruments, Austin, TX, USA). The end of a D12 fibre optic 123 sensor (Philtec, INC., Annapolis, USA) was slowly lowered 124 towards the reflective foil, using a micro-manipulator mounted 125 on a custom-built holder (see figure 1A) . The optical peak of 126 the sensor signal was set to 5V, using the built-in amplification 127 factor of the sensor's amplifier. The fibre optic sensor was then 128 lowered further until the distance between the tip and the re-129 flective foil was approximately 77 µm (equivalent to around 130 2.2 V), corresponding to the middle of the linear range of the 131 sensor's highly sensitive near-field. An external circuit was 132 used to offset the voltage to 0 V.
133
The fibre-optic force transducer had a spring constant of 14-134 17 N m −1 (depending on the effective lever arm), a resonance 135 frequency of 60 Hz (approximately three times faster than the 136 shortest force peaks measured in this study), and a resolution 137 Fiji. 54 The flickering of the light source visible at frame rates 
231
Speed of crack propagation and mode of detach-232 ment. We use concepts from fracture mechanics (see above), 233 and treat the contact perimeter as a crack. During detachment, 234 this crack advances with a speed given by 37
where a = A/Γ is the contact radius. Examples of the vari-236 ation of a with time are shown in fig.1 B. We conducted an ad-237 ditional high-speed measurement series for retraction speeds 238 of 10, 50, 250, and 500 µm s -1 , where force and contact area 239 were synchronised and both recorded with 500 Hz. From 240 these data, we determined that the peak detachment force P max 241 occurred when the contact area reached a critical value A c 242 at 30.83 ± 6.03% of its maximum value A max (mean ± s. e., 243 n=11), independent of retraction speed (linear mixed model, 244 F 1,42 = 0.04, p = 0.82, n= 11). The speed of crack propagation 245 at P max was measured as the slope of a least-square regression 246 of a(A C ) against time, including two data points on either side 247 of a(A C ).
248
In order to investigate whether detachment is directional, 249 the peel velocity in the longitudinal and transverse directions 250 was measured as the change in the length and width of the 251 contact area, respectively, via a least-square regression of the 252 filtered data against time, including two data points on either 253 side of 60, 40 and 20% of A max , respectively.
254
Modelling and statistics
255
The effects of retraction speed, accumulation/depletion and 256 shear force on adhesion were analysed with linear mixed mod-257 els using the R package nlme, v3.1-119. Ratios were arcsine-258 square root transformed prior to analysis to correct for the non-259 normality of residuals. Equation 2 was fitted to the data as 260 follows: v c and P max were averaged for each retraction speed. 261 In order to estimate P 0 , we used independent force data, ac-262 quired with the same set-up and insects of a similar size, but 263 at a slower retraction speed of 1 µm s -1 . The measured crack 264 speed and the corresponding peak adhesive force were com-265 bined with the data measured at a retraction speed of 10 µm s -1 266 to linearly extrapolate the peak adhesive force under equilib-267 rium conditions (i. e. v c = 0), yielding P 0 = 0.12 mN as an 268 upper limit of P 0 . The parameters n and v* were fitted to the 269 averaged data using a non-linear least squares algorithm.
270
The value of A c used for the measurement of the speed of 271 crack propagation depends on the pre-load and carries some 272 uncertainty, but a speed-independent critical area has been 273 reported before for flat punches made from polyurethane. 46 274 We repeated our analysis using values of A c of 40% and 50% 275 of A max and found that the qualitative results remained unaf-276 fected. First, v* is inversely related to the relaxation time of the 497 adhesive, 43 consistent with the interpretation that the rate-de-498 pendence is caused by a viscoelastic material response. 37 For 499 rubbery materials, the relaxation time may vary between a few 500 to several hundred seconds. 43 Gorb et al. 29 investigated the 501 viscoelastic properties of the adhesive pads of a bush cricket, 502 and reported a fast (≈ 0.6 s) and a slow (≈ 41 s) relaxation. 503 Thus, the differences between the relaxation time of soft adhe-504 sive pads and common elastomers might be too small to fully 505 explain the difference in energy dissipation. However, this 506 conclusion remains speculation until reliable data for stick in-507 sect pads are available.
277
508
Second, v* is related to the mobility of molecules at the in-509 terface. 44, 69, 70 For rubbery materials on glass-like substrates, 510 surface molecules may have little or no segmental mobility, 511 resulting in sudden rupture of the bonds, and a considerable 512 increase in G. 44 In the presence of thin interfacial layers with 513 high segmental mobility, separation can occur in a more con-514 tinuous manner, significantly decreasing adhesion and its ve-515 locity dependence. 44,69-71 Effectively, the interfacial film acts 516 a 'release layer' through which the crack propagates, akin to a 517 lubrication effect. We suggest that the thin lipid layer covering 518 the adhesive pads may convey such a function, and thus de-519 crease viscous dissipation during detachment. This interpre-520 tation can also account for the increase of adhesion when pads 521 were 'depleted', and the trend for adhesion to decrease when 522 footprints were 'accumulated'. Repeated steps at the same po-523 sition may lead to a contamination of the substrate with sur-524 face molecules, reducing the otherwise high surface energy of 525 glass, and thus reducing G 0 . A similar effect has been reported 526 for 'dry' gecko pads (see tab. 3), and for repeated adhesion 527 measurements on Polydimethylsiloxane surfaces. 72 Continu-528 ously decreasing the amount of free molecules at the interface 529 ('depletion'), in turn, can reduce the screening of the direct 530 the adhesive forces measured at different retraction speeds 575 should be independent of fluid depletion ('step number'). The Remarkably, modelling 'wet' adhesive pads as 'dry' elas-587 tomers can also account for the shear stress generated by in-588 sect pads, which is at least one order of magnitude too large 
Together, these effects can cause large differences in the mag- than the adhesion measured in the absence of shear forces.
623
The previous discussion suggests that the rate-dependence 624 of 'wet' adhesive pads is akin to that of 'dry' elastomers, and 625 our data are consistent with a simple model based on fracture 626 mechanics. Fracture mechanics provide a simple yet power-627 ful theoretical framework for the quantitative study of bio-628 logical adhesives, and can explain a number of performance 629 characteristics of insect pads which are quantitatively incon-630 sistent with simple predictions for 'wet' adhesive contacts. 631 Thus, the secretion does not appear to behave like a Newto-632 nian 'bulk' fluid, 21,52,80 and indeed it has been argued that 633 it may be 'semi-solid' at ambient temperatures. 86 Based on 634 these observations, we suggest that the viscosity of the pad se-635 cretion does not contribute significantly to adhesion and fric-636 tion forces in insects. Instead, stick insects may attach via 637 weak non-covalent forces between the pad and the surface, as 638 is the case for the 'dry' adhesive pads of geckos. What, then, is 639 the functional significance of the secretion, and how does the 640 performance of 'wet' pads differ from that of 'dry' biological 641 pads?
642
The function of the fluid and the difference between 'wet' 643 and 'dry' biological adhesives 644 We investigated functional differences between 'wet' and 645 'dry' adhesive systems by conducting a literature survey sum-646 marising experimental treatments and their impact on the 647 pads' performance (tab. 3). The summary clearly shows that 648 the performance of 'wet' and 'dry' adhesive systems is strik-649 ingly similar. Nevertheless, the published interpretations of 650 these findings often invoked explanations specific to 'wet' or 651 'dry' contacts. For example, Emerson and Diehl 4 observed 652 that the adhesive performance of tree frogs on glass decreased 653 significantly when the pads were immersed in water, and con-654 cluded that attachment is aided by capillary forces. However, a 655 significant reduction in attachment performance has also been 656 reported for the friction of 'dry' gecko pads on hydrophilic 657 surfaces immersed in water. 87 Given that dynamic biological 658 attachment pads face similar functional requirements, it comes 659 as no surprise that similar experimental treatments have sim-660 ilar effects. However, the implication of this finding is that it 661 is surprisingly hard, if not impossible, to draw reliable con-662 clusions on the physical mechanisms underlying attachment 663 from such experiments, at least if they are not conducted in 664 a rigorous comparative manner. The key problem is that the 665 attachment performance of soft, rubbery materials has similar 666 characteristics as that of 'wet' contacts. Thus far, we are not 667 aware of a single experiment which has yielded a qualitatively 668 different result for 'dry' vs. 'wet' adhesive pads. Clearly, the 669 physical attachment mechanisms of both types of pads are ei-670 ther identical, or cannot be distinguished with the available 671 information. 
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